The vertebrate body plan and organs are shaped during a conserved embryonic phase called the phylotypic stage. However, the mechanisms that guide the epigenome through this transition and their evolutionary conservation remain elusive. Here we report widespread DNA demethylation of enhancers during the phylotypic period in zebrafish, Xenopus tropicalis and mouse. These enhancers are linked to developmental genes that display coordinated transcriptional and epigenomic changes in the diverse vertebrates during embryogenesis. Binding of Tet proteins to (hydroxy)methylated DNA and enrichment of 5-hydroxymethylcytosine in these regions implicated active DNA demethylation in this process. Furthermore, loss of function of Tet1, Tet2 and Tet3 in zebrafish reduced chromatin accessibility and increased methylation levels specifically at these enhancers, indicative of DNA methylation being an upstream regulator of phylotypic enhancer function. Overall, our study highlights a regulatory module associated with the most conserved phase of vertebrate embryogenesis and suggests an ancient developmental role for Tet dioxygenases. A r t i c l e s unraveling the dependence of key developmental pathways on Tetdependent demethylation of distal regulatory elements during the vertebrate phylotypic period, we shed light on a previously unknown developmental role for Tet proteins associated with the most conserved phase of vertebrate embryogenesis.
Methylation of cytosine residues in genomic DNA is a major, mostly repressive epigenomic modification associated with key biological processes 1 . Early vertebrate embryos display large-scale 5-methylcytosine (5mC) dynamics associated with the establishment of totipotency [2] [3] [4] [5] [6] [7] . Interestingly, these 5mC remodeling events occur in a species-specific fashion. Mammalian embryos seem to employ a combination of active and passive mechanisms to remodel their DNA methylomes after fertilization 8 . The active mechanism consists of Tet-dependent oxidation of 5mC that involves the 5-hydroxymethylcytosine (5hmC) intermediate, whereas the passive mechanism is based on 5mC dilution through cell divisions in the absence of methylation maintenance 9 . In contrast, in zebrafish, no Tet activity was detected during pluripotency and 5mC dynamics in the early embryo are reduced to passive reconfiguration of the maternal methylome to match the sperm methylation pattern 6, 7 . Similarly, the timing of zygotic genome activation can vary greatly between species. For example, in mouse, the first major wave of zygotic transcription occurs as early as the 2-cell stage (at 2 d), whereas in Xenopus tropicalis and zebrafish the embryonic transcription peaks at 6 h (~4,000 cells) and 4.3 h (64 cells), respectively 10 . Another major difference between mammals and anamniotes is the process of implantation and intrauterine embryonic development present in mammals. Notwithstanding these developmental differences, both groups have highly similar morphologies and gene expression patterns during the phylotypic stage, a developmental period associated with body plan and organ formation [11] [12] [13] . However, very little is currently known about the mechanisms and evolutionary conservation of epigenetic patterning during these embryonic stages.
Here we report widespread DNA demethylation of thousands of enhancers associated with conserved regulatory pathways during the phylotypic period in zebrafish, Xenopus and mouse. Through wholegenome bisulfite sequencing (WGBS) [14] [15] [16] , quantitative interaction proteomics 17 and loss-of-function approaches, we found that this widespread demethylation event is Tet dependent and required for vertebrate body plan and organ formation. Finally, interrogation of chromatin accessibility (ATAC-seq) and whole-genome methylome profiling of tet1-tet2-tet3 morphant zebrafish embryos demonstrated an upstream regulatory role for DNA methylation on these conserved genomic elements.
These findings have major implications for the understanding of fundamental processes that guide embryonic development. By
Active DNA demethylation at enhancers during the vertebrate phylotypic period terms were found for the DMRs identified for the transitions between the other developmental stages we assessed: zebrafish blastulagastrula hypo-or hypermethylated DMRs did not yield any significant Gene Ontology (GO) categories (FDR q ≤ 0.05), whereas almost no DMRs except for the ones associated with phylotypic-stage transitions were identified in Xenopus. Early mouse DMRs that became hypomethylated between E3.5 and E7.5 as well as later-stage DMRs that became hypermethylated between E9.5 and E14.5 were enriched in GO categories associated with embryonic development; however, these stages yielded far fewer significant categories than the ones associated with the phylotypic transitions (Supplementary Figs. 5 and 6). Given their similar 5mC dynamics and implication in various developmental processes, henceforth the set of DMRs associated with developmental hypomethylation surrounding the phylotypic stage will be referred to as phylo(−)DMRs.
To address the potential influence of tissue heterogeneity in laterstage embryos and to recapitulate our analysis in a specific cell lineage, we generated a DNA methylome for a neural crest cell population (sox10 + ) 23 isolated from 24 h.p.f. zebrafish embryos. This analysis showed a decrease in phylo(−)DMR 5mC levels in sox10 + cells when compared to blastula (1,000-cell stage) (Fig. 1d) . A further loss of 5mC was observed in the adult zebrafish brain, which had 5mC levels comparable to those in Xenopus and mouse brains (Fig. 1d) . Furthermore, the extent of hypomethylation in phylo(−)DMRs was similar in sox10 + cells and 24 h.p.f. embryos for both early and late phylo(−)DMRs (Supplementary Fig. 7a ). To explore whether these intermediate 5mC levels observed in sox10 + cells and 24 h.p.f. embryos are a result of different cell populations with either fully methylated or fully unmethylated sequences or of a uniform, partially methylated population, we plotted average mCG levels in individual sequencing reads for phylo(−)DMRs (Supplementary Figs. 7b-d and 8 ). This analysis indicated that the majority of sequenced reads were either fully unmethylated or fully methylated, thereby supporting the hypothesis of two different methylation states. A large proportion of the reads were either partially or fully unmethylated, indicating that demethylation was likely occurring in the majority of the cells in the embryo. In mouse, however, a substantial proportion of the reads were found in a partially methylated state (Supplementary Fig. 7b ), a finding that could be attributed either to demethylation intermediates or the formation of low-methylated regions displaying intermediate 5mC levels, as previously described in mammalian cell lines 24 . To explore whether phylo(−)DMRs only occur in certain lineages or whether they are found more widely throughout the organism, we analyzed whole-genome DNA methylome profiles corresponding to a number of adult tissues derived from the three embryonic layers (ectoderm, endoderm and mesoderm) 25 . Average 5mC profiles exhibited hypomethylation at both early and late phylo(−)DMRs across all lineages and in 16 different organs, indicative of widespread phylo(−)DMR usage during organ formation (Fig. 1e) .
Overall, our base-resolution DNA methylome profiles suggest a highly conserved process of 5mC reconfiguration that takes place throughout the phylotypic period in diverse vertebrate species, involves developmental hypomethylation and, at least in mouse, affects organs derived from all germ layers.
Phylo(−)DMRs are developmentally activated enhancers
To explore the chromatin configuration and genomic context of phylo(−)DMRs, we used chromatin immunoprecipitation and sequencing (ChIP-seq) data for chromatin marks associated with promoters (trimethylation of histone H3 at lysine 4, H3K4me3), poised enhancers (monomethylation of histone H3 at lysine 4, H3K4me1) npg and active enhancers (acetylation of histone H3 at lysine 27 (H3K27ac) and p300) [26] [27] [28] . Sorted heat maps of phylo(−)DMRs in zebrafish and Xenopus showed a strong developmental enrichment for enhancer but not promoter histone marks (Fig. 2a) . Similarly, the mouse phylo(−)DMRs were strongly enriched for H3K4me1 and H3K27ac marks and were enriched to a lesser extent for H3K4me3 marks, [29] [30] [31] . Notably, the other zebrafish DMR groups did not display such a strong enrichment in enhancer chromatin (Supplementary Fig. 9a ). However, some of the identified DMRs that became developmentally hypermethylated (DMRs hypomethylated in the 1,000-cell stage and hypermethylated in the epiboly stage and DMRs hypomethylated in the epiboly stage and hypermethylated at 24 h.p.f.) overlapped the promoter regions of genes such as sostdc1, ddx4, dazl and dnmt3bb.2, some of which were previously identified as differentially methylated between early embryos and differentiated tissues 6,7 ( Supplementary Fig. 9b ). Inspection of the CpG density of phylo(−)DMRs, as measured by the mean CpG levels within and flanking phylo(−)DMRs, indicated similar CpG densities in zebrafish and mouse DMRs, whereas lower CpG density was observed in Xenopus DMRs (Fig. 2b) . Whereas the CpG densities of phylo(−)DMRs in zebrafish and mouse were similar to that of CpG islands identified through pulldown of unmethylated DNA 32, 33 , Xenopus phylo(−)DMRs, and in particular the early Xenopus phylo(−)DMRs, displayed considerably lower CpG density than these CpG islands ( Fig. 2c and Supplementary Fig. 10a ). These results identify phylo(−)DMRs as developmentally activated enhancers of high CpG density in zebrafish and mouse and low and intermediate CpG density in Xenopus, and they support previous notions that CpG density alone is not a major driver of regulatory function [34] [35] [36] .
To provide further evidence that phylo(−)DMRs act as developmental enhancers, we intersected the mouse phylo(−)DMR genomic positions with the positions of previously validated enhancers from the VISTA enhancer browser database 37, 38 and obtained 13 intersections corresponding to active enhancers (Supplementary Table 23) . Examples of such heart and limb enhancers and their intersection with phylo(−)DMRs are presented in Figure 2d . Intersection of zebrafish phylo(−)DMRs with VISTA enhancers resulted in 36 intersections. These regions displayed a mild degree of developmental demethylation; however, none of them overlapped with statistically significant mouse DMRs ( Supplementary Fig. 10b ,c and Supplementary Table 23) .
Given the high conservation of GO term enrichments ( Fig. 1c ) and highly similar chromatin configurations of phylo(−)DMRs (Fig. 2a) , we postulated that phylo(−)DMR-linked genes should be co-regulated during zebrafish, Xenopus and mouse embryogenesis. To investigate this hypothesis, we identified orthologous genes that were linked to phylo(−)DMRs in all the species examined (Supplementary Table 24 ) and subjected them to pathway enrichment analyses 39, 40 . These analyses showed that orthologous phylo(−)DMR-linked genes were enriched in pathways such as Wnt, Notch and transforming growth factor (TGF)-β, implicated in body plan and organ formation ( Supplementary Fig. 11 ). To our knowledge, this is the first indication that these key developmental pathways may be regulated through DNA methylation in multiple vertebrate species. Next, we The boxes show the IQR around the median, and the whiskers extend from the minimum value to the maximum value unless the distance to the first or third quartile was more than 1.5 times the IQR.
compared the developmental expression profiles of these orthologous phylo(−)DMR-linked genes in zebrafish, Xenopus and mouse at time points corresponding to the blastula (1,000-cell stage, st. 9, blastocyst), late gastrula (bud, st. 12, E8.5) and phylotypic (28 h.p.f., st. 30, E9.5) stages [41] [42] [43] [44] . Hierarchical clustering analysis of scaled RNA sequencing (RNA-seq) data (in transcripts per million, TPM; Fig. 2e ) indicated a strong developmental correlation of the orthologous genes, providing further support for phylo(−)DMRs being involved in conserved regulatory networks. Finally, assessment of the evolutionary conservation of zebrafish and mouse phylo(−)DMRs by mapping aggregate sequence conservation scores 45 demonstrated that phylo(−)DMRs display higher evolutionary conservation than early (blastula or gastrula) or late (adult organ) DMRs (Fig. 2f) , consistent with the previous observation of higher evolutionary conservation of putative regulatory regions during similar embryonic stages [46] [47] [48] . Together, these findings support a role for phylotypic enhancer demethylation in the activation and deployment of the pan-vertebrate developmental toolkit necessary for body plan formation and organ specification.
Active demethylation in vertebrate embryos
Several DNA demethylation pathways have been described in zebrafish and Xenopus laevis [49] [50] [51] . To obtain better insight into which cellular factors might be implicated in phylo(−)DMR demethylation, we performed a quantitative interaction proteomics screen using 5mC-modified, 5hmC-modified and unmodified DNA oligonucleotide probes 17 and nuclear extracts from zebrafish embryos, to identify developmentally regulated 5mC readers in the dome and 24 h.p.f. stages. We also profiled binding to 5hmC, as this active demethylation intermediate was previously observed in 24 h.p.f. zebrafish embryos 51, 52 . Proteins displaying differential binding to unmethylated and methylated DNA oligonucleotides were identified by an adapted t test on label-free quantification (LFQ) intensities 17 ( Supplementary Figs. 12 and 13, and Supplementary Tables 25 and 26) . We also performed absolute quantification of the nuclear extract proteomes ( Supplementary  Fig. 12 ) to directly assess the effects of stage-specific protein abundance on binding enrichments. In total, we identified 98 context-specific 5mC readers, the majority of which displayed stage-specific binding profiles. Of the 45 readers quantified, the differential binding of Supplementary Fig. 13) , thereby demonstrating the dynamics of the 5mC interactome during early vertebrate embryogenesis.
To investigate the evolutionary conservation of 5(h)mC readers in vertebrates, we compared our set of zebrafish readers to the readers previously identified in mouse embryonic stem cells (ESCs) and neural progenitor cells (NPCs) 17 . In total, 96 proteins for which orthologs are annotated in both species were identified as either 5mC or cytosine readers in zebrafish dome or mouse ESC nuclear extracts. Forty-five of these 96 proteins showed conserved binding (47%; P < 1.1 × 10 −45 , hypergeometric test) (Fig. 3a,b and Supplementary  Fig. 6 ). Readers for cytosine, 5mC and 5hmC in mouse NPCs and 24 h.p.f. zebrafish embryos also displayed substantial overlap: 99 of 249 proteins (40%; P < 5 × 10 −37 , hypergeometric test) for which orthologs are annotated in both species displayed conserved binding (Fig. 3a,b and Supplementary Fig. 14) . Notably, the 5hmC readers were highly enriched for proteins related to DNA repair and DNA demethylation, including Tet proteins and Uhrf2 (Fig. 3b,c) , a protein associated with increased Tet processivity in mouse NPCs 17 . The majority of proteins involved in DNA repair and demethylation showed a clear trend toward a higher binding affinity for 5mC in the differentiated states and strongest binding to 5hmC (Fig. 3c, bottom row) . Together, these results suggest an enrichment of Tet-dependent DNA demethylation pathways occurring during the vertebrate phylotypic period.
The observed enrichment for Tet and DNA repair protein binding to 5mC and 5hmC in zebrafish phylotypic-stage embryos and mouse NPCs suggests that phylo(−)DMRs may be demethylated through a Tet-dependent mechanism. Although the diverse vertebrate species displayed different Tet expression profiles during development, for all species the phylotypic period was characterized by the expression of at least one Tet family member (Fig. 4a) . To assess whether phylo(−)DMRs become demethylated through an active mechanism that involves the 5hmC intermediate, we generated base-resolution maps of 5hmC in zebrafish (24 h.p.f.), Xenopus (st. 30) and mouse (E9.5) embryos by Tet-assisted bisulfite sequencing (TAB-seq) 16 (for details on non-conversion and TAB-seq metrics, see Supplementary  Table 1 ). Strong and highly localized enrichment of 5hmC was detected in regions marked by active enhancer chromatin and corresponding to phylo(−)DMRs (Fig. 4b) . Similarly, mean 5hmC levels in all species were highest in phylo(−)DMRs as compared to other regions that became developmentally hypomethylated in all organisms examined (Fig. 4c) . Accordingly, the 5hmC signal in zebrafish and Xenopus coincided with developmental demethylation taking place in both early and late phylo(−)DMRs (Fig. 4d and Supplementary Fig. 15) . A similar pattern was observed for mouse late phylo(−)DMRs (Fig. 4d  and Supplementary Fig. 15 ), whereas mouse early phylo(−)DMRs were already demethylated by E9.5 (Supplementary Fig. 4 ) and therefore did not show any localized 5hmC enrichment (Fig. 4d) . To explore the developmental correlations between 5hmC and 5mC levels and interrogate whether the quantity of 5hmC is directly linked to phylo(−)DMR demethylation, we plotted the average 5hmC abundance in the phylotypic stage for each CpG dinucleotide found within phylo(−)DMRs against its 5mC level in the subsequent developmental stage (Fig. 4e) . We observed an overall negative correlation between these two values, indicating that the quantity of 5hmC signal can serve as a predictor of active demethylation in vertebrate embryos. To further investigate the potential role of active DNA demethylation mechanisms in phylo(−)DMR formation, we used Tet1 ChIP-seq and 5hmC (hMeDIP-seq) data in mouse ESCs 53, 54 . When superimposed over mouse early and late phylo(−)DMRs, both Tet1 and 5hmC displayed a strong enrichment over these regions in mouse ESCs (Supplementary Fig. 16 ). Furthermore, a positive correlation between the quantity of 5hmC and Tet1 signal, as well as between Tet1 signals from different antibodies, was evident for both early and late phylo(−)DMRs (Supplementary Fig. 16b) , thereby supporting the notion of Tet-dependent 5mC-5hmC conversion in phylo(−)DMRs during mammalian embryogenesis. Altogether, these data provide evidence for active DNA demethylation in phylo(−)DMR formation during the vertebrate phylotypic period.
tet1-tet2-tet3 knockdown reduces phylo(−)DMR accessibility
To assess the role of Tet proteins in mediating demethylation of phylo(−)DMRs, we inhibited Tet function in zebrafish embryos, first using the morpholino knockdown approach to target Tet3, a major phylotypic 5mC and 5hmC interactor (Fig. 3c) . Embryos injected with tet3 morpholino showed only minor defects, with 23% of the morphants displaying varying degrees of microphthalmia ( Supplementary  Fig. 17a ), as previously reported in a tet3 morpholino study performed in Xenopus laevis embryos 55 . Next, we injected zebrafish embryos with morpholinos targeting all three Tet proteins to generate tet1-tet2-tet3 morphants 56 . The triple morphants were severely affected, with the majority displaying embryonic lethality, while the embryos that survived gastrulation (23%) displayed short and blended axes, impaired head structures, small eyes and reduced pigmentation ( Supplementary Fig. 17a ), comparable to the defects recently described in a tet1-tet2-tet3 zebrafish knockout 57 . We next performed WGBS (for details, see Supplementary Table 1) on morphant embryos (n = 50) and compared the 5mC profiles to their counterparts in wildtype embryos. Global mCG levels (in 1-kb non-overlapping windows) were similar in tet3 and tet1-tet2-tet3 morphants when compared to wild-type embryos and were highly correlated with mCG levels in the wild-type embryos (Fig. 5a) . A similar pattern was observed in CpG islands, key regulatory features of vertebrate genomes associated with gene regulation, identified through CXXC profiling 33 . However, comparisons of the tet1-tet2-tet3 morphants and wild-type embryos showed an increase in the mCG levels of phylo(−)DMRs in the morphants, affecting almost all (93.5%) of these regions. No differences in 5mC increase were observed between early and late phylo(−)DMRs, and no other DMR population displaying developmental demethylation was affected by this perturbation (Supplementary Fig. 17b,c) . Also, there was an increase in mCG levels in a subpopulation of CpG islands that corresponded to phylo(−)DMRs and, thus, with sites of aberrant demethylation in the tet1-tet2-tet3 morphants ( Fig. 5a and Supplementary Fig. 17d,e) . Taken together, these data highlight an embryonic requirement for Tet proteins and demonstrate abnormalities in 5mC remodeling at key regulatory elements caused by the absence of these proteins.
Next, we wanted to determine whether the loss of Tet proteins and increase in phylo(−)DMR 5mC levels would result in decreased chromatin accessibility of these regulatory elements. We therefore performed ATAC-seq 58 on two pools of tet1-tet2-tet3 morphant embryos and their wild-type counterparts (for ATAC-seq metrics, see Supplementary Table 1) . Both wild-type and morphant embryos displayed ATAC-seq signal enrichment at phylo(−)DMRs; however, this enrichment was significantly (Wilcoxon test, P < 0.001) decreased in tet1-tet2-tet3 morphant embryos (Fig. 5b,c) . Notably, such a change was not observed in a general population of putative distal regulatory elements (PDREs) identified in zebrafish embryos 26 . Next, we identified phylo(−)DMRs displaying a difference (Fisher's exact test, FDR q ≤ 0.05) in ATAC-seq signal between wild-type and morphant embryos. This population consisted of ~35% of the phylo(−)DMRs and was characterized by reduced ATAC-seq signal in >90% of the A r t i c l e s phylo(−)DMRs, consistent with the average ATAC-seq profiles (Fig. 5d) . Finally, to address the impact of Tet1-Tet2-Tet3 loss on embryonic transcription, RNA-seq analysis was performed on two pools of tet1-tet2-tet3 morphants and their wild-type controls. Of note, unsupervised clustering of the zebrafish embryonic transcriptomes identified a cluster encompassing the tet1-tet2-tet3 41 , indicative of morpholino phenotype specificity rather than a developmental delay caused by tet1-tet2-tet3 knockdown (Supplementary Fig. 18 ). Differential gene expression analyses 59 showed bidirectional changes in gene transcript abundance in tet1-tet2-tet3 morphants (n = 718 upregulated genes and n = 780 downregulated genes in the morphant) ( Fig. 5e and Supplementary Table 27) .
GO analyses 39, 40 of downregulated genes showed an over-representation of functions associated with transcriptional regulation, similar to those described to be enriched among zebrafish phylo(−)DMRassociated genes ( Fig. 5f and Supplementary Fig. 5 ), whereas no statistically significant gene ontology enrichments were associated with the upregulated group of genes. An example of aberrant phylo(−)DMR demethylation in the tet1-tet2-tet3 morphant resulting in reduced npg chromatin accessibly and reduced transcription is depicted in Figure 5g . Taken together, these data link Tet-dependent demethylation with the proper activation of phylotypic-stage enhancers and suggest a regulatory role for 5mC in phylo(−)DMR usage.
DISCUSSION
It is well established that vertebrates remodel their epigenomes during embryogenesis to achieve totipotency 2-10,60,61 . However, thus far, only very limited insights have been obtained regarding 5mC dynamics and the evolutionary conservation of 5mC patterning in later-stage vertebrate embryos. Here we describe widespread enhancer demethylation coinciding with the phylotypic stage of zebrafish, Xenopus and mouse embryogenesis. This demethylation activity is almost exclusively targeted to a subset of embryonic enhancers, phylo(−)DMRs, found in the vicinity of genes that have conserved roles in the establishment of the vertebrate body plan, including key developmental pathways such as Notch-Delta, Wnt and TGF-β. These observations are in line with a recent study that identified distal regulatory elements as targets of 5mC remodeling in zebrafish embryos 62 . Furthermore, we demonstrate that phylo(−)DMRs display low methylation levels in all explored adult organs in mice, indicative of their widespread usage in all embryonic lineages, and that Tet proteins and 5mC-5hmC conversion are required for their demethylation during the phylotypic period in zebrafish. Notwithstanding the implications of active demethylation pathways in this widespread epigenomic reconfiguration event, we do not exclude the possibility that transcription factor binding participates in the demethylation of these genomic regions, as previously described for low-methylated regions in mouse cell cultures 24 . In fact, a recent study demonstrated Tet3 targeting through transcription factor binding in the mammalian neural lineage 63 , whereas Tet1 was shown to associate with the transcription factor Tex10 to regulate chromatin conformation at super-enhancers in ESCs 64 .
Mammals display complex embryonic requirements for Tet activity; the Tet3 −/− knockout mouse shows early embryonic lethality 65 , whereas the Tet1 −/− (ref. 66) and Tet2 −/− (refs. 67,68) knockout mice are viable. The double Tet1 −/− ; Tet2 −/− knockout is perinatal lethal in the majority of embryos; however, a small percentage of Tet1 −/− ; Tet2 −/− knockout mice can successfully be grown to adulthood 69 . In contrast, anamniotes such as zebrafish and Xenopus do not express Tet proteins during early embryonic stages, and only very weak 5hmC signal was detected in pluripotent zebrafish embryos 6, 7 . Nonetheless, here we demonstrate that both anamniotes and mammals employ active demethylation of enhancers for gene regulation during the phylotypic period, suggestive of an ancient role of the Tet dioxygenases and a panvertebrate regulatory logic. Finally, this work provides insights into the roles that 5mC has in embryonic enhancer elements and implicates 5mC as an upstream regulator of phylotypic enhancer function. Indeed, the marked reduction in phylo(−)DMR demethylation and chromatin accessibility upon tet1-tet2-tet3 knockdown indicates that modulation of the epigenetic state is a critical regulator of the function of these elements. Altogether, our study highlights a highly conserved mechanism used by vertebrates during the specification of the enhancer repertoire needed for body plan and organ formation. This sets the foundation for future studies that will aim to address the precise hierarchical relationships between Tet-dependent demethylation, enhancer activation and transcription factor binding and to determine the embryonic requirements for each of these processes. 
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METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. MethylC-seq, TAB-seq, ATAC-seq and RNA-seq data were deposited at the Gene Expression Omnibus, GSE68087; quantitative interaction proteomics data were deposited at ProteomeXchange, PXD001164.
ONLINE METHODS
DNA and RNA isolation. For DNA extraction, zebrafish, Xenopus and mouse embryos were lysed in buffer containing 20 mM Tris, pH 8.0, 100 mM NaCl, 15 mM EDTA, 1% SDS and 0.5 mg/ml proteinase K for 3 h at 55 °C. Lysis was followed by two phenol:chloroform:isoamyl alcohol (25:24:1) extractions and subsequent centrifugation (5 min at 17,949g). DNA was then precipitated by adding 0.2 volumes of 4 M ammonium acetate and 3 volumes of 96% ethanol. The reaction was left on ice for a minimum of 30 min. The DNA precipitate was centrifuged for 20 min at 4 °C (17,949g) , and the pellet was washed with 500 µl of 70% ethanol and centrifuged for 5 min (17,949g) at room temperature. The pellet was then resuspended in 200 µl of TE buffer, and 1 µl of RNase A (20 µg/µl) was added. The reaction was left to proceed for 30 min at room temperature, after which time the DNA was precipitated with 0.1 volumes of 4 M ammonium acetate and 1 volume of isopropanol on ice for 2 h. The reaction was then centrifuged for 30 min at 4 °C (17,949g) , and the pellet was resuspended in TE buffer. RNA extractions were performed with Qiagen RNeasy kits according to the manufacturer's recommendations.
MethylC-seq.
For MethylC-seq library generation, genomic DNA was sonicated to an average size of 200 bp using the Covaris sonicator. Sonicated DNA was then purified and end repaired, followed by ligation to methylated Illumina TruSeq sequencing adaptors. Library amplification was performed with KAPA HiFi HotStart Uracil+ DNA polymerase (Kapa Biosystems), using six cycles of amplification. Single-read MethylC-seq libraries (for details, see Supplementary Table 1) were sequenced on the Illumina HiSeq 1500 platform. The sequenced reads in FASTQ format were mapped to in silico bisulfite-converted reference genomes (danRer7, JGI.71 or mm10 for zebrafish, Xenopus and mouse, respectively) using the Bowtie alignment algorithm with the following parameters: -e 120 -l 20 -n 0 (ref. 70) , as previously reported 71 . Published paired-read MethylC-seq data 6-8 were mapped with the following parameters: -e 120 -l 20 -n 1 -k 10 -o 4 -I 0 -X 1000. To estimate the bisulfite non-conversion frequency, the frequency of all cytosine base calls at reference cytosine positions in the lambda phage genome (unmethylated spike-in control) was normalized by the total number of base calls at reference cytosine positions in the lambda phage genome (Supplementary Table 1) . TAB-seq. TAB-seq library generation was performed with the 5hmC TAB-seq kit (WiseGene, K001) according to the manufacturer's instructions, with minor modifications related to the amount of starting material (zebrafish 24 h.p.f., 400 ng; Xenopus st. 30, 300 ng; mouse E9.5, 100 ng). 5-hydroxymethylated pUC19 DNA (WiseGene, S002) was used as the 5hmC standard for the estimation of β-glucose protection of 5hmC from Tet conversion, whereas lambda phage DNA with methylation of all cytosines at CpG sites (WiseGene, S001) was used as the 5mC/cytosine spike-in control. Single-read TAB-seq libraries (for details, see Supplementary Table 1) were sequenced on the Illumina HiSeq 1500 platform. The sequenced reads in FASTQ format were mapped to the in silico bisulfite-converted reference genomes (danRer7, JGI.71 or mm10) using the Bowtie alignment algorithm with the following parameters: -e 120 -l 20 -n 1 (refs. 70,71).
ATAC-seq.
For ATAC-seq library preparation 58 , ten zebrafish embryos were manually dechorionated and disrupted in 500 µl of Ginzburg Fish Ringers (55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO 3 ). After washing with cold PBS, 75,000 cells were lysed (lysis buffer: 10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 and 0.1% Igepal) and incubated for 30 min at 37 °C with TDE1 enzyme. The sample was then purified with the Qiagen MinElute kit, and a PCR reaction was performed with 13 cycles using the Ad1F and Ad2.1R primers and KAPA HiFi HotStart enzyme (Kapa Biosystems). Reads were aligned using the zebrafish danRer7 (zv9) assembly as the reference genome. Duplicated pairs of reads or those separated by more than 2 kb were removed from the analyses. The enzyme cleavage site was determined as the position at −4 (minus strand) or +5 (plus strand) with respect to each read start, and this position was extended by 5 bp in both directions.
Identification of CpG differentially methylated regions. CpG DMRs were identified by the methylpy pipeline 21, 72 . First, a root-mean-square test on each CpG site across all samples was performed. P values were simulated using 10,000 permutations. The largest P value cutoff was chosen that still satisfied the requirement for an FDR of 0.05. Significantly differentially methylated sites were combined into blocks if they were within 500 bases of one another and had methylation changes in the same direction. Furthermore, blocks that contained fewer than ten differentially methylated sites were discarded. Only DMRs displaying a minimum change in mCG fraction (∆mCG = 0.2) were used for the analyses, unless otherwise indicated. For zebrafish and Xenopus, all the samples (embryonic stages) were compared in the same DMR finding experiment to obtain the methylation status (hyper-or hypomethylated) of the DMRs across all stages. The same was done for mouse embryos at E7.5, E9.5 and E14.5, whereas early mouse DMRs (E3.5 with a globally hypomethylated genome and E7.5) were identified in a separate DMR finding experiment, using the same statistics as described above. The output of the methylpy pipeline is provided as Supplementary Tables 2-5. DNA methylation and hydroxymethylation analyses. 5mC and 5hmC heat maps. Heat maps of 5mC and 5hmC data represent mean methylated CpG levels in 100-bp windows (extended by 3 or 5 kb on each side from the center of the phylo(−)DMR) corrected for the CpG non-conversion rate and the protection rate from CpG hydroxymethylation (TAB-seq). Windows with no coverage were assigned the average value for the adjacent windows. In case of multiple adjacent windows with no coverage, the average genomic value for methylated or hydroxymethylated CpGs was assigned. Calculation of 5hmC levels was performed using the formula p n r r s = − − − ( )
